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ABSTRACT
The nucleotide sequence of the tmr gene, encoded by the octopine Ti
plasmid from Agrobacterium tumefaciens (pTiAch5), was determined. The
T-DNA, which encompasses this gene, is involved in tumor formation and
maintenance, and probably mediates the cytokinin-independent growth of
transformed plant cells. The nucleotide sequence of the tmr gene displays
a continuous open reading f rame specif ying a polypeptide chain of 240
amino acids. The 5'- terminus of the polyadenylated tmr mRNA isolated
from octopine tobacco tumor cell lines was determined by nuclease S1
mapping. The nucleotide sequence 5'-TATAAAA-3', which sequence is
identical to the canonical "TATA" box, was found 29 nucleotides upstream
from the major initiation site for RNA synthesis. Two potential poly-
adenylation signals 5'-AATAAA-3' were found at 207 and 275 nucleotides
downstream from the TAG stopcodon of the tmr gene. A comparison was made
of nucleotide stretches, involved in transcription control of T-DNA
genes.
INTRODUCTION
Tumor-inducing (Ti) plasmids harbored by Agrobacterium tumefaciens cause
neoplastic cell growth called crown galls on most dicotyledonous plants
(for recent reviews see ref s. 1,2). Tumor formation originates from the
transfer of a specific Ti plasmid DNA segment, designated T-region, from
the bacteria to the plant cells. Beside this T-region, a second portion
of the Ti plasmid, the virulence region, is required for tumor induction
(3,4). Upon transfer, the T-region is covalently integrated into plant
nuclear DNA (5,6,7). Ti plasmid transformed plant cells are characterized
by unlimited cell proliferation and the ability to grow in the absence of
phytohormones like a cytokinin and an auxine. The tumor cells synthesize
opines which are catabolized by the bacteria (8,9,10). Depending on the
type of opine(s), produced in crown galls, the Ti plasmids have been
classified in three major groups: octopine Ti plasmids, nopaline Ti
plasmids and agropine Ti plasmids (11). In octopine tumors it has been
shown that the enzyme octopine synthase (LpDH) is encoded by T-DNA
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(12,13). These findings have prompted the development of Ti plasmid-
derived vectors for the genetic manipulation of plant cells.
The extent of T-DNA and the T-DNA organization in octopine tumor tissues
have been investigated (6,7,14). In octopine tumor cells the T-DNA con-
sists of either one or two segments which originate from adjacent regions
in the Ti plasmid DNA. All tumor cell lines investigated to this date
contain the left part of the T-DNA (TL-DNA), whereas the right part of
the T-DNA (TR-DNA) is present only in a limited number of tumor cell
lines. Hybridization studies have shown that the TL-DNA in octopine tumor
cells encodes eight polyadenylated mRNAs (15,16,17). At least f ive and
probably six of these transcripts have been shown to be involved in the
process of tumor formation and maintenance (18,19,20,21).
In this paper the nucleotide sequence of the octopine T-region, encoding
the tmr gene, is presented. This cistron specif ies one of the above-
mentioned transcripts (viz. transcript 4); presumably its product
inhibits root formation of the tumors on certain plant species and
appears to play a role in the cytokinin-independent growth of transformed
cells (17,21). The 5'- terminus of the polyadenylated tmr mRNA, isolated
from various octopine tumor cell lines, was determined by nuclease Si
mapping. A comparison is made between nucleotide stretches, involved in
regulation of transcription of the tmr gene, of the octopine and nopaline




The various restriction endonucleases indicated in this paper were ob-
tained from New England Biolabs, Inc. (Beverly, MA) with the exception of
BamHI, PstI, ClaI and HpaII which were purchased from Boehringer
(Mannheim) and Sau3AI which was bought from Amersham International Ltd.
(Amersham, UK). Assay conditions for restriction endonucleases were as
described by the manufacturers . T4 DNA ligase, T4 polynucleotide kinase
and calf intestine alkaline phosphatase were purchased from Boehringer
(Mannheim); DNA polymerase I (large fragment) was from New England
Biolabs, Inc. (Beverly, MA) and nuclease S1 was from Sigma (St. Louis,
MO).
Recombinant plasmids and preparation of DNAs
Subfragments of the restriction DNA fragment EcoRI-7 from pTiAch5, on
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Table 1: Characteristics of T-DNA containing recombinant plasmids, used
for DNA sequence analysis.
Plasmid Phenotype Approximate Vector T-DNA insert
size (bp)
pJH 189 AmpR, Tets 5345 pBR 322 BamHI-28 (28)




pJH 191 Amp , Tet 5225 pBR 322 PstI-PstI subfragment of
the restriction DNA frag-
ment BamHI-17 (15,28)
R R SpJH 589 Amp , Tet , Cm 6250 pBR 329 MpaI-14 (28,29)
* NB: pACYC 177 from which theRBam}HI-PstI restriction DNA fragment, which
contains part of the Amp -gene, has been deleted.
which the tmr gene is located (7,20,26), were cloned according to
standard procedures (27). The obtained recombinant plasmids, which were
used for DNA sequence analysis, are listed in Table 1.
Plasmid DNA was isolated according to a modified cleared-lysate procedure
(27). Supercoiled plasmid DNA was isolated by sucrose gradient centri-
fugation which was followed by CsCl buoyant-density centrifugation in the
presence of 200 1g/ml ethidium bromide (30).
Purification and labelling of restriction DNA fragments, chemicals used
and DNA sequence analysis
Recombinant plasmids were digested with appropriate restriction endo-
nucleases and the digestion products were separated on horizontal 1%
agarose gels in 50 mM Tris-borate (pH 8.3), 1 mM EDTA containing 1 ig/ml
ethidium bromide. T-DNA inserts were excised from these gels and electro-
eluted at 4 C in 20 mM Tris-acetate (pH 7.8), 10 mM Na acetate, 1 mM
EDTA for 16 hr at 100 V. After mixing the eluate with n-butanol, the DNA
fragments were precipitated with ethanol. Prior to labelling or secondary
cleavage with restriction endonucleases, the restriction DNA fragments
were purif ied by gel filtration through a 1-ml Sephadex G-50 medium
column [Bio-Rad laboratories (Richmond,CA)] column in 10 mM Tris-HCl (pH
7.6), 1 mM EDTA.
[a-3 PI dNTPs and [ y-32P ATP were purchased from New England Nuclear
(Boston, MA). End-labelling of DNA fragments was performed according to
standard procedures (27). Nucleotide sequence analysis of 3'- or 5'-
6213
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labelled restriction f ragments was perf ormed according to the chemical
degradation method (31,32). Nucleotide sequence data were processed using
computer programs originally developed by Staden (33).
Nuclease Si mapping
All RNA preparations, used in this study, were generous gif ts of Dr.
J.H.C. Hoge (Dept. of Plant Molecular Biology, State University of
Leiden). The plant tissue culture lines (7) from which these RNAs were
isolated were octopine tumor cell line B6S3 (which contains T-DNA
fragment EcoRI-7) and 4013-2 (which contains EcoRI-7 and EcoRI-32).In
control experiments total RNA isolated from the plasmid-cured Agro-
bacterium tumefaciens strain LBA 4011 was used.
Nuclease S1 mapping experiments were performed as described by Berk and
Sharp (34) with the following modifications. P-end-labelled T-DNA
probes were mixed with polyadenylated tumor tissue RNA (20 1g) or
bacterial RNA (20 Vg) in 20 pl hybridization buffer containing 80%
formamide, 40 mM PIPES (pH 6.4), 400 mM NaCl, 1 mM EDTA and subsequently
incubated for 15 min at 90 °C. Hybridization was performed for 16 hr at
50 C after which the incubation was stopped by quick chilling of the
samples in a dry-ice/ethanol bath. The samples were diluted 10 times with
nuclease S1 buffer containing 250 mM NaCl, 30 mM Na acetate, 1 mM ZnSO4,
20 pg/ml sonicated calf thymus DNA and incubated with 200 units/ml
nuclease S1 for 45 min at 20 C. Nuclease Sl-resistant hybrids were
precipitated twice with ethanol and subsequently analysed on 5% or 8%
polyacrylamide gels in 7 M urea next to P-labelled restriction DNA
fragments of known size or next to chemical degradation products of the
32P-labelled T-DNA probe used.
RESULTS
The TL-DNA in octopine crown gall tissue codes for eight polyadenylated
transcripts (16,17). By site-directed mutagenesis of the TL-region most
of the TL-DNA-derived transcripts could be ascribed to different loci
(18,19,20,21). These studies revealed that the TL-DNA part, which
suppresses root formation of the tumors, encodes transcript 4 (approx.
size 1200 nucleotides, poly(A) tail included). The transcript 4-encoding
region encompasses part of the restriction DNA fragment BamHI-28 and part
of the adjacent restriction DNA fragment BamHI-17 a of pTiAch5, assuming






















FIGURE 1: Diagram of the analysed restriction DNA fragments in the tmr
gene region. Vertical bars represent restriction endonuclease
cleavage sites; the length of the arrows indicate the length of
the nucleotide stretches, deduced from the various restriction
DNA fragments. The arrowheads indicate the direction of nucleo-
tide sequence elucidation for the corresponding restriction DNA
fragments. Note that physical maps of the restriction DNA
f ragment BamHI-28 and of part of the adjacent restriction DNA
fragment BamHI-17 are shown.
analysis of this region should reveal the nucleotide sequence of the tmr
gene.
Nucleotide sequence analysis of the tmr gene region
In order to determine the nucleotide sequence of the tmr gene region,
subfragments of the restriction fragment EcoRI-7 from pTiAch5 were cloned
in Escherichia coli vectors as indicated in Materials and Methods. The
T-DNA inserts present in the recombinant plasmids pJH 189, pJH 190 and
pJH 191 (see Table 1), which originate from adjacent regions on pTiAch5,
were isolated and the complete nucleotide sequence of these DNA fragments
was elucidated according to a sequence strategy shown in Fig. 1.
In order to be certain that joining of the nucleotide sequences, deduced
from the T-DNA inserts present in the recombinant plasmids pJH 189, pJH






















ACTGCAAAAAACTT ATG GAC CTG
676
THR THR ALA ILE ALA LEU ALA
HIS LEU ILE PHE GLY
CAT CTA ATT TTC GGT
GLN GLN THR GLY LEU
PRO THR CYS THR GLY
CCA ACT TGC ACA GGA




GCG ATA GCT CTT GCC CAG CAG ACA GGG CTT CCA GTC CTT TCG CTT GAT CGG
VAL GLN CYS CYS PRO
GTC CAA TGC TGT CCT
792
LYS GLY THR THR ARG
AAA GGA ACG ACG CGT
849
ALA LYS GLN ALA HIS
GCC AAG CAA GCT CAT
906
GLY LEU ILE LEU GLU
GGG CTT ATT CTT GAG
963
TYR TRP SER ALA ASP
TAT TGG AGT GCA GAT
1020
THR PHE MET LYS ALA
ACC TTC ATG AAA GCG
1077
HIS SER ILE ILE GLN
CAT TCT ATT ATT CAA
1134
LEU LYS GLU ILE ASP
CTG AAA GAG ATC GAT
1191
THR ALA ASP MET LEU
ACG GCA GAT ATG CTA
1248
ILE ALA GLN GLU TYR
ATC GCT CAG GAG TAT
1305
ASN ALA ALA ALA PHE
MOC GCA GCC GCT TTC
1362













































CGA CCA ACA GTG GAA
LEU VAL GLU GLY ILE

















































ASN MET GLU GLY LYS LEU ILE ASN GLY
AAT ATG GCM GGT AAG
GLN GLN GLU GLN LYS
CAA CAG GAA CAG AAA
HIS PRO PHE GLY MET
CAT CCG TTC GGA ATG
TTG ATT AAT GGG
PHE PRO GLN VAL























FIGURE 2: Nucleotide sequence of the tmr gene region. The noncoding (or
sense) strand is displayed. The amino acid sequence of the tmr
protein, deduced from the nucleotide sequence of the tir gene,
is indicated. Nucleotide stretches, which presumably are in-
volved in initiation of transcription, are boxed. The G-residue
at position 679 marks the major transcription initiation site.
Putative polyadenylation signals are underlined. See text for
further explanation.
region the following experiments were performed. The pTiAch5 restriction
DNA fragment HpaI-14, which overlaps the internal BamHI-PstI fragment
indicated in Fig. 1 (15,28) was isolated from the recombinant plasmid pJH
589 (see Table 1). Subsequently, this fragment was redigested with HpaII
and ClaI, which was followed by 5'-end-labelling of the restriction DNA
subfragments. The HpaII-ClaI restriction DNA fragment with an approximate
length of 385 bp, which contains the internal BamHI-PstI fragment indi-
cated in Fig. 1, was isolated and subjected to strand separation. Nucleo-
tide sequence analysis of the separate DNA strands revealed the nucleo-
tide sequences at the BamHI and PstI restriction sites, which sites had
been used to generate the respective T-DNA inserts of the recombinant
plasmids pJH 189, pJH 190 and pJH 191 (results not shown). The deduced
nucleotide sequence of the tmr gene region, together with the amino acid
sequence encoded by the tmr gene, is shown in Fig. 2.
Nuclease S1 mapping of the 5'-terminus of the tmr mRNA
In order to identify nucleotide sequences, involved in the regulation of
transcription of the tmr gene region, nuclease Sl-protection studies were
performed. The 5'-terminus of the tmr mRNA was determined as follows. The
restriction fragment BamHI-28 (N 1-981 in Fig. 2) was 5'-end-labelled
with polynucleotide kinase and [y-32P ATP and subsequently digested with
6217
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Nuclease Si mapping of the
5'-terminus of the octopine tmr516 mRNA. The autoradiograph of the
denaturing gel shows: lane 1:
DdeI-BamHI probe (N 487-981 in
396 Fig. 2), without further treat-
ment; lane 2: DdeI-BamHI probe,
subjected to hybridization and
nuclease Si digestion in the
b 2298 absence of RNA; lanes 3 and 5:
products from the hybridization
of total RNA from Agrobacterium
tumefaciens strain LBA 4011
against the DdeI-BamHI probe,
obtained after nuclease Si
* 220/221 digestion (controls); lanes 4
and 6: products from the hybri-
dizatign of octopine 4013-2
poly(A)+ RNA (lane 4) and B6S3
poly(A) RNA (lane 6) against
the DdeI-BamHI probe, obtained
after nuclease Si digestion32In
the lanes marked M, the P-
* 154 labelled Hinf I f ragments of
145 pAT153 were separated (lengths
w145 indicated in nucleotides).
DdeI. The DdeI-BamHI subfragment (N 487-981) was isolated and hybridized
against octopine tumor poly(A)+ RNA. After nuclease Si digestion, the
products were separated in a 5% polyacrylamide -7M urea gel next to
32P-labelled restriction DNA fragments of known size. The results are
shown in Fig. 3.
As shown in Fig. 3 (lanes 4 and 6), two f ragments with an approximate
length of 300 nucleotides and 335 nucleotides were protected from
nuclease S1 digestion, which suggests that initiation of transcription of
the tmr gene occurs at two dif ferent regions. From the length of these
fragments it was deduced that the 5'-terminus of the tmr mRNA is located
in the nucleotide stretch 5'-ACTGCAAA-3' (N 676-683 in Fig. 2) and in the
nucleotide stretch 5'-TTCTCTAA-3' (N 642-649).
In order to define the 5'-terminus of the tmr mRNA more accurately,
nuclease Si mapping experiments were performed using the DdeI-HpaII
restriction DNA fragment (N 487-817 in Fig. 2), 5'-32p-labelled at the
HpaII-end, as DNA probe. The products from the hybridization of octopine
poly(A) RNA against the DdeI-HpaII probe were separated after nuclease




degradation products of this DNA fragment. Autoradiography of this gel
revealed the presence of two clusters of nuclease Sl-protected radio-
active bands which comigrated with individual residues of the nucleotide
stretch 5'-GCAAA-3' (N 679-683 in Fig. 2) and of the nucleotide stretch
5'-CTAATA-3t (N 646-651: results not shown). The relatively high amount
of radioactivity present in the nuclease Sl-protected band which
comigrated with the band corresponding to the G-residue at position 679
suggests that initiation of transcription of the tmr mRNA preferably
occurs at this site. Inspection of the nucleotide sequence of the tmr
gene region upstream from this major mRNA initiation site (the "+l"-site)
revealed the nucleotide stretch 5'-TATAAAA-3' at -29 to -23 nucleotides.
This nucleotide sequence is identical to the "TATA" box sequence found in
most eukaryotic genes (36) and probably functions as part of the promoter
for initiation of transcription by the plant nuclear RNA polymerase II.
DISCUSSION
The Agrobacterium tumefaciens Ti plasmids are attractive vectors for the
genetic manipulation of higher plants because of their natural ability to
transform plant cells by inserting the T-region into chromosomal DNA of
the host plant. However, transfer of the T-region to plant cells is
accompanied by oncogenic transformation of these cells, which prevents
their regeneration to intact, healthy plants. In order to construct Ti
plasmid-derived vectors, which lack the T-DNA parts involved in tumorous
growth of transformed plant cells, the extent of these regions has to be
determined at the nucleotide level. In addition, nucleotide sequence
analysis of these regions might reveal how expression of the plasmid-
borne T-DNA genes is regulated in plant cells. In this paper the nucleo-
tide sequence of the Agrobacterium tumefaciens pTiAch5 tmr gene region is
presented (see Fig. 2). The nucleotide sequence of the tmr gene which is
flanked by stretches rich in A-T bases, specifies a polypeptide chain of
240 amino acids with a predicted molecular weight of 27,003 Daltons.
Presumably, the protein product of the tmr gene mediates the cytokinin-
independent growth of transformed plant cells. This would suggest that
the tmr protein is an enzyme, involved in the biosynthesis of cytokinins
in these cells.
The region, shown in Fig. 2, is transcribed in plant cells (16,17) but
the protein product has not yet been identified at this level. Expression
of a 27,000 Daltons protein from this region has been observed in
6219
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Escherichia coli minicells and in cell-free systems, prepared from Agro-
bacterium tumef aciens and Escherichia coli (35). It is not clear whether
the tmr protein and this 27,000 Daltons protein are related in structure
and function.
The 5'-terminus of the tmr mRNA was determined by nuclease Si mapping.
The results suggest that initiation of transcription of the tmr gene
occurs at multiple sites in the nucleotide stretch 5'-GCAAA-3' (N 679-683
in Fig. 2) and in the nucleotide stretch 5'-CTAATA-3' (N 646-651). The
major RNA start site is presumably located at the G-residue which is
found 11 nucleotides upstream from the ATG initiation codon for protein
synthesis (N 679 in Fig. 2). Inspection of the nucleotide sequence,
upstream from the major RNA start site revealed the nucleotide stretch
5'-TATAAAA-3' at -29 to -23 nucleotides, whereas at a similar distance
upstream from the minor RNA initiation region the nucleotide stretch
5'-AATATAA-3' (N 617-623) is found.
Both nucleotide stretches show (almost) perfect homology to the "TATA"
box sequence found in most eukaryotic genes which sequence functions as
part of the promoter for initiation of transcription. It is attractive to
investigate whether site-directed mutagenesis or deletion of either one
of these possible promoter sequences affects the efficiency of
transcription of the tmr gene.
Although the "TATA" box is necessary and suff icient for accurate
initiation of transcription in vitro, regions further upstream have been
proposed to be required for ef f icient in vivo transcription (37). One of
these regions, the "CAAT" box (CONSENSUS: 5'-GG cCAATCT-3'), is located at
T
70 to 80 nucleotides upstream from the RNA start site. Therefore, the
region upstream the 5'-side of the tmr gene, together with the
corresponding regions in the recently published nucleotide sequences of
octopine synthase (ocs; 22), of nopaline synthase (nos; 24,25) and of the
octopine transcript 7 gene (oT7; 23) have been inspected for nucleotide
stretches which bear homology to the "CAAT" box (shown in Fig. 4).
As shown in Fig. 4, there is substantial sequence homology with the
canonical "CAAT" box in the -80/-70 upstream region of the nopaline
synthase gene, whereas sequence homology with the "CAAT" box in the
corresponding regions of the octopine tmr gene, of the octopine synthase
gene and of the gene, encoding octopine transcript 7, is poor. This would
suggest that the -80/-70 region at the 5'-side of octopine T-DNA genes is




C A ACONSENSUS: GG,CAATCT TATATAT


















oT7 : aaTtAAgCc - 40
-79
35 - TATtTAA - 25 - A - 25 - ATG
1
- cATAAAT - 20 - A - 34 - ATG
- TATATAg - 23 - A - 15 - ATG
GtTCAAgCT
-92
FIGURE 4: Nucleotide sequences upstream the 5' side of the tmr gene, of
the octopine synthase gene, of the nopaline synthase gene and
of the gene encoding octopine transcript 7 which may be in-
volved in regulation of transcription. The position of the
respective (major) RNA start sites was set to +1. Nucleotides
which are homologous with part of the "CAAT" and "TATA" boxes
are represented by upper-case characters; non-homologous
nucleotides are represented by lower-case characters.
that insertion of Transposon 5 at a position, located 120 nucleotides
upstream of the octopine synthase mRNA start site, abolishes octopine
synthesis in tumor cells (22). As indicated in Fig. 4, nucleotide
stretches upstream of the respective octopine T-DNA genes at other
positions than the -80/-70 region bear more homology to the "CAAT" box
sequence, whereas no other conserved nucleotide sequences are present in
the regions upstream from the "TATA" box of octopine T-DNA genes. There-
fore, it cannot be excluded that other "CAAT" stretches are involved in
regulation of transcription of octopine T-DNA genes.
As shown in Fig. 2, two potential polyadenylation signals 5'-AATAAA-3'
are present in the 3'-flanking region of the tmr gene at respectively 207
6221
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and 275 nucleotides downstream of the TAG stopcodon. Both AATAAA-
stretches are preceded by a potential hairpin sequence (N 1578-1591 and N
1666-1681 in Fig. 2) which structures might be involved in the regulation
of transcription-termination.
In conclusion it is clear that transcription of the bacterial T-DNA genes
in plant cells is regulated by control sequences of eukaryotic nature.
Further investigations on the identif ication of transcriptional control
sequences in the T-DNA will be necessary to make the Ti-derived plasmids
more suitable as vectors for the genetic engineering of plants.
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